Abstract Upon heating, hydrated magnesium carbonates (HMCs) undergo a continuous sequence of decomposition reactions. This study aims to investigate the thermal decomposition of various commercially produced HMCs classified as light and heavy, highlight their differences, and provide an insight into their compositions in accordance with the results obtained from thermal analysis and microstructure studies. An understanding of the chemical compositions and microstructures, and a better knowledge of the reactions that take place during the decomposition of HMCs were achieved through the use of SEM, XRD, and TG/differential thermal analysis (DTA). The quantification of their CO 2 contents was provided by TG and dissolving the samples in HCl acid. Results show that variations exist within the microstructure and decomposition patterns of the two groups of HMCs, which do not exactly fit into the fixed stoichiometry of the known HMCs in the MgO-CO 2 -H 2 O system. The occurrence of an exothermic DTA peak was only observed for the heavy HMCs, which was attributed to their high CO 2 contents and the relatively delayed decomposition pattern.
Introduction
Intergovernmental Panel on Climate Change (IPCC)'s Fourth Assessment Report [1] states that green house gas emissions have increased by an average of 1.6 % per year over the last three decades and presents different scenarios that would facilitate the stabilization of carbon dioxide (CO 2 ) concentration within the 450-750 ppmv range. To achieve this, cumulative emissions ranging from 1,500 to 3,500 GtCO 2 need to be captured during this century. Various methods providing permanent and safe storage of CO 2 have been proposed, one of which is mineral carbonation, involving the synthesis of minerals via reaction of CO 2 with Mg-Ca silicate rocks or hydrated magnesium carbonates (HMCs) [2] [3] [4] [5] .
Due to their ability to sequester anthropogenically generated CO 2 in a stable and long-lasting form, magnesium carbonates are currently of great interest as a part of the efforts to counter global warming, where the main goal is to capture and store excess CO 2 , preventing its accumulation in the atmosphere and, therefore, slowing down its contribution to climate change. Magnesium carbonates exist in two main forms: hydrated and unhydrated. Unhydrated magnesium carbonate naturally exists as a geological material in its anhydrous carbonate form, magnesite (MgCO 3 ). First discovered in 1808, magnesite is the primary mineral in igneous and sedimentary rocks. It also occurs in hydrothermal ore veins and oceanic salt deposits. There are two physical forms of magnesite: cryptocrystalline or amorphous magnesite; and crystalline, macrocrystalline or bone magnesite. Its essential elements include carbon (C), magnesium (Mg), and oxygen (O), whereas the common impurities are iron (Fe), manganese (Mn), calcium (Ca), cobalt (Co), and nickel (Ni). Decomposition of magnesite takes place at elevated temperatures, resulting in the formation of magnesium oxide (MgO) and carbon dioxide (CO 2 ):
HMCs, or magnesium hydroxyl-carbonates, include 40-50 % MgO in their formulations and can be defined with the general formula, xMgCO 3 ÁyMg(OH) 2 ÁzH 2 O. SEM micrographs of typical HMCs are shown in Fig. 1 . There are two main forms: light (LHMC), with the empirical formula 4MgCO 3 ÁMg(OH) 2 Á4H 2 O, corresponding to hydromagnesite; and heavy (HHMC), with the empirical formula 4MgCO 3 ÁMg(OH) 2 Á5H 2 O, corresponding to dypingite [6] .
The light form is 2-2.5 times more bulky than the heavy. Common uses of these HMCs are in the pharmaceutical, cosmetics, and rubber industries, where they are employed as carriers and retainers of products, and as reinforcing agents [7] .
Various methods exist for the production of both forms of HMCs [8] [9] [10] [11] [12] , such as from the calcination of dolomite [13] or from mixing magnesium sulfate or chloride solution with sodium carbonate solution. The light form, also referred to as magnesia alba levis is produced by precipitating in a cold solution; whereas performing this process in a boiling solution leads to the formation of the denser magnesia alba ponderosa, also known as the heavy form. Although the properties and formation of magnesium carbonates have been widely studied, questions still remain in regard to the complexity of the magnesium carbonate system involving various forms of HMCs. Therefore, the properties and formation of a range of carbonates within the MgO-CO 2 -H 2 O system are still not fully understood mainly due to the complexity of the system, but the stability of HMCs has been studied by many researchers [6, 8, [14] [15] [16] [17] [18] [19] [20] [21] . Accordingly, magnesite and brucite are the only stable products in the MgO-CO 2 -H 2 O system. Other HMCs form in the system depending on the water content, temperature, and the CO 2 concentration they are exposed to. An increase in temperature leads to the transformation of carbonates into those that are less hydrated than others, whereas a change in CO 2 concentration also results in the formation of different phases [20] .
The formation of a range of HMCs observed within MgO-CO 2 -H 2 O system is listed in Table 1 , depending on the number of Mg ions they contain within their structures. Having a lower stability field of CO 2 concentration than nesquehonite [22] , lansfordite decomposes into nesquehonite when the temperature is above 10°C [8, 17] . At a temperature above 50°C, nesquehonite, whose stability is influenced by the loss of water from the system resulting in the decrease of water activity, transforms into hydromagnesite [8, 21] . However, it has also been stated by Davies and Bubela [15] that protohydromagnesite, a phase similar to dypingite, appears as an intermediate step before hydromagnesite, also confirmed by Botha and Strydom [6] and Power et al. [18] . Canterford et al. [14] stated that a range of intermediate phases between nesquehonite and hydromagnesite may form according to the following equation, where x can range between 4-8 and 11. The resulting component in this equation would correspond to dypingite and giorgiosite when x is equal to 5 and 6, respectively. Finally, hydromagnesite is transformed into magnesite under elevated temperatures (e.g., 126°C) [19] . This transformation was found to be possible both in ambient and accelerated CO 2 atmospheres, although the latter was seen to trigger the process [14] .
Thermoanalytical techniques such as differential thermal analysis (DTA) and thermogravimetry (TG) are useful tools in the characterization of raw materials and determination of their fundamental thermodynamic parameters [23] [24] [25] . A thermal change taking place during DTA represents either an absorption (endothermic reaction) or release (exothermic reaction) of heat during the temperature interval. The investigation of the hydration and carbonation mechanisms with thermal analysis makes use of the fact that during heating, the cement paste undergoes a continuous sequence of more or less irreversible decomposition reactions [26] .
When subjected to thermal analysis, HMCs decompose by an endothermic reaction and result in the emission of H 2 O and CO 2 . Several studies [6, [30] [31] [32] have investigated the thermal decomposition steps of hydromagnesite and dypingite. According to Sawada et al. [32] , the thermal decomposition of hydromagnesite proceeds via dehydration at 100-300°C and decarbonation at 350-650°C toward the end product, MgO. A sharp exothermic peak accompanied with a pronounced mass loss was found at around 500°C during the decarbonation process, referring to the amorphous magnesium carbonate crystallizing to magnesite. During this a rapid evolution of CO 2 was Table 2 Thermal decomposition steps of hydromagnesite (H) and dypingite (D) [31] Step observed, explaining the sharp mass loss [8, 11, 12, 21, [32] [33] [34] . According to Dell and Weller [8] , the exothermic peak is due to the delayed recrystallization or oxidation of products by the surrounding atmosphere in which the basic magnesium carbonate loses water to form an amorphous product, followed by the loss of CO 2 endothermically. Khan et al. [7] has shown that certain factors such as the heating rate, sample size, and atmospheric conditions used during thermal analysis influence the exothermic peak. Therefore, these factors were kept constant during the study presented here to observe the occurrence of the exothermic peak for different HMCs. Table 2 summarizes the steps during the thermal decomposition cycles of these carbonates, where the main component remaining after a complete cycle of thermal decomposition is 5MgO, representing 43.2 and 41.5 % of hydromagnesite and dypingite, respectively. Therefore, 56.8 % of the initial total mass of hydromagnesite and 58.5 % of dypingite is lost during thermal decomposition, as shown in Table 2 . In this particular study, TG/DTA provides a valuable tool for determining the composition of commercially produced HMCs by investigating the H 2 O and CO 2 emitted during the decomposition of the HMCs into MgO.
The aim of this work is to investigate the decomposition of various commercially produced HMCs, shed light on the differences between light and heavy HMCs, and provide an insight into their compositions in accordance with the results obtained from thermal analysis and microstructure studies. The attributions of the different stages associated with thermal analysis are discussed, highlighting deviations from values stated in the literature and the presence of the exothermic phenomenon in the case of heavy HMCs. In addition to thermal analysis, X-ray diffraction (XRD), scanning electron microscopy (SEM), and quantification of 
Materials and methods
Seven different HMCs, acquired from various companies as listed in Table 3 , were investigated as a part of this study. Out of these 7, the first 3 (i.e., #1, 2, and 3) were characterized as heavy, whereas the rest (i.e., #4, 5, 6, and 7) were light HMCs. Each group was produced through different processes, leading to dissimilarities within the products due to the varying experimental conditions. According to the supplier, LHMCs were precipitated from carbonating a slurry of brucite, forming bicarbonates which were then heated. HHMCs were obtained through precipitation from mixing NaCO 3 with MgSO 4 and are usually coarser than LHMCs. The microstructure of representative samples from each HMC was observed by using a scanning electron microscope, JEOL JSM-5800 LV. XRD was utilized to provide qualitative and quantitative analyses of the crystalline phases present within the mixes. XRD analysis was conducted on a Siemens D500 Diffractometer. The relative diffraction peaks of various HMCs were identified by using X-ray diffraction analysis under the operating conditions of Cu Ka radiation (40 kV, 40 mA [35] acid digestion using HCl acid. This process involved decomposition of the carbonates by reacting them with HCl acid, explained by the following reactions:
Results and discussion
The discussion on the classification of the basic magnesium carbonate products will be structured in four main parts, focusing on the microstructure, X-ray analysis, thermal decomposition, and CO 2 content quantification of the seven different HMCs. (Fig. 2a-c) have a relatively dense microstructure, when compared to those of the LHMCs (Fig. 3a-d) . The differences can further be seen in the way in which the flakes are arranged within the materials, where the HHMCs exemplify an impenetrable structure while LHMCs have a more widely dispersed arrangement of the flakes. While the first three HHMCs (i.e., #1, 2, and 3) and last three LHMCs (i.e., #5, 6, and 7) have very similar microstructures, LHMC #4 has a distinctly more porous structure with smaller particle sizes, even when compared to the other LHMCs. This feature is also reflected by the relatively high standard consistence of this specific HMC, measured as 2.64, compared to an average of 0.7 for the HHMCs and \2.0 for the other LHMCs [36] .
X-ray analysis
The XRD diffractograms of the HMCs used in this work are shown in Fig. 4 , indicating the 2h locations of different intensity peaks for each compound. The similarities between the diffractograms of the different HMCs are clear, presenting a challenge when differentiating between each HMC. . Even though these HMCs were categorized under two separate groups of hydromagnesite (LHMCs) and dypingite (HHMCs), the XRD diffractograms reveal similar crystalline patterns for all the 7 HMCs, as it would be expected from Fig. 4 , where the considerable overlap between the main peaks of hydromagnesite and dypingite is evident. However, some significant differences are observed in the crystalline patterns of both groups of HMCs. In the case of HHMCs, HMC#2 indicates a unique peak at 2h = 18.7°, along with a double peak at 38°, both corresponding to the characteristic peaks of Mg(OH) 2 . Alternatively, among the LHMCs, HMC#4 has higher peaks than the other LHMCs at 2h = 37.2°and 43.8°. These variations also correspond to the different arrangements of particles in the microstructures of these particular HMCs, as explained in ''Microstructure'' section.
Simultaneous thermogravimetric analysis and differential thermal analysis
In this study TG/DTA was used to quantify the concentration distributions of Mg(OH) 2 Table 4a , b. There are three possible scenarios that would correspond to the results obtained from thermal analysis: (i) the decomposition pattern of the HMCs takes place according to the three steps and the temperature ranges stated in the literature, as expressed in Table 2 , but the composition of the HMCs tested varies from those of hydromagnesite and dypingite listed in Table 1 , (ii) the tested HMCs have the same or very similar compositions as hydromagnesite and dypingite but illustrate a decomposition pattern that does not necessarily fall within the given ranges in Table 2 , or (iii) both the decomposition pattern and the composition of HMCs show variations to those stated in literature.
In accordance with the first scenario, data obtained from this analysis, listed in Table 2 and assuming that all the mass loss was due to the loss of H 2 O and CO 2 within the HMCs, the compositions of the seven HMCs were found to contain between 3.6-5.3 H 2 O and 4.2-5.0 CO 2 . A list of the proposed compositions for all seven HMCs is provided in Table 5 . Similar to the findings of the XRD analysis in X-ray analysis'' section, these results suggest a stronger link to hydromagnesite since all the HMCs contain less water than dypingite. However, it must be noted that the CO 2 content of the tested HMCs was found to be higher than both hydromagnesite and dypingite. The relatively high water content of HMC#7 as opposed to other HMCs was also reflected in the high total mass loss (i.e., 59.3 %). Based on these values, it is highly likely that HMC#7 has a chemical formula resembling dypingite since the total mass loss at the end of the thermal decomposition of dypingite (i.e., 58.5 %) is closer to the obtained value of 59.3 % than that of hydromagnesite (i.e., 56.8 %). The similarities between HMCs #4, 5, and 6 in both temperature ranges shown in Table 4 reveal their similar chemical composition and structure, which demonstrated identical decomposition patterns at each step.
Discrepancy in terms of the chemical composition of HMCs was reported in other studies [17] . One good example to this disagreement is the formula of hydromagnesite, which was given as 4MgCO 3 ÁMg(OH) 2 Á4H 2 O [37, 38] , whereas other studies confirmed it to have the chemical formula of 3MgCO 3 ÁMg(OH) 2 Á3H 2 O [39] . The initial mass loss of all the HMCs at 259-285°C, ranging between 9.6 and 16.1 %, is much less than the values stated in the literature [6, 30, 31] for the dehydration and dehydroxylation steps (i.e., a total of 22.2 % for dypingite and 19.2 % for hydromagnesite). This means that not all the water molecules left the system at one single step and this continued until the temperature ranges shown in Table 6 were reached, which leads to the second scenario where the HMCs are assumed to have similar compositions to hydromagnesite and dypingite but follow a different decomposition pattern. As shown Table 4 Percentage of mass loss during TG/DTA of (a) heavy and (b) light HMCs in Table 6 , where the temperature ranges and associated mass loss that was caused by the loss of H 2 O and CO 2 are indicated, in the case of HHMCs, the removal of water of crystallization (i.e., 5H 2 O) was not completed until 350-395°C, as opposed to the upper limit of 250°C suggested by Choudhary et al. [31] for hydromagnesite. This was followed by the decomposition of brucite into MgO, which was completed at 411-417°C as opposed to 250-350°C, followed by the final decarbonation step involving the decomposition of HMCs into MgO. For LHMCs, the removal of initial water of crystallization took place before *330°C for HMCs #4, 5, and 6, whereas the same dehydration step took place earlier at 286°C for HMC#7, as listed in Table 6b . The same scenario was valid for the dehydroxylation step where brucite decomposed into MgO at *380°C for HMCs #4, 5, and 6, and earlier at 342°C for HMC#7, thereby influencing the starting temperature for the decomposition of magnesite into MgO. HMCs #6 and 7 resulted in a slightly higher total mass loss than that of hydromagnesite (i.e., 56.8 %), indicating the presence of extra H 2 O or CO 2 , as supported by the proposed formulations in Table 5 .
The three steps involving the removal of water of crystallization, decomposition of brucite to MgO, and decomposition of MgCO 3 to MgO are indicated by distinct endothermic peaks on the DTA curve in Fig. 6 , also showing the temperature at which these reactions were completed. The removal of water of crystallization and decomposition of brucite to MgO are indicated by the same peak, followed by the next step of decarbonation, where a larger peak corresponds to a higher degree of carbonation. The LHMCs indicated endothermic peaks at *266 and *460°C. The first peak was due to the removal of water of crystallization followed by the decomposition of brucite into MgO, whereas the second peak indicated the decomposition of magnesite into MgO. On the other hand, the HHMCs indicated two endothermic peaks at 259-285°C and 413-475°C, and an exothermic peak at 517-525°C. These peaks were in accordance with those suggested by Botha and Strydom [30] , taking place at 259, 433, and 520°C. The first two of these peaks referred to the decomposition of brucite to MgO, and the decomposition of magnesite to MgO, respectively. The exothermic peak at 520°C, stated to be prominent due to the crystallization of magnesite from the amorphous phase as mentioned in ''Introduction'' section, was only apparent in the case of HHMCs and not LHMCs. All the procedural variables that were found to affect the origin of the exothermic peak by Khan et al. [7] , such as heating rate, sample size, and atmospheric conditions, were kept constant in this study and, therefore, did not contribute to the occurrence of the aforementioned peak. One possible explanation for the appearance of the exothermic peak only for the HHMCs could be due to their relatively higher CO 2 contents, especially for HMCs #2 and 3, which is explored further in ''CO 2 content'' section. As the amount of CO 2 released during thermal decomposition increases, a higher strain is induced on the crystal lattice by the stress related to the volume change, changing the solid-state lattice. Any difficulty that the CO 2 experiences while trying to escape leads to an explosion in the material and release of strain in the form of heat, therefore, producing the exothermic peak. The formation of the exothermic peak may have also been triggered by the relatively delayed start of the decarbonation process at 417°C in the case of HHMCs, when compared to that of LHMCs at 386°C, contributing to the overall strain applied.
CO 2 content
Two methods were primarily employed to measure the CO 2 content within the HMCs tested: thermogravimetric analysis and HCl acid digestion, explained further in ''Materials and methods'' section. The results obtained by these methods are presented and compared in Fig. 7 . The CO 2 content of all the HMCs varied between 36.5 and 41.3 % by TG whereas that of HCl acid testing was 36.2-43.6 %. The results obtained from HCl acid testing were slightly higher than those from the TG for most of the carbonates, possibly due to the high volatility of the acid and the heat emitted as a result of the rigorous reaction taking place between the HMCs and HCl acid. However, there was in general a good correlation between the results obtained by the two methods.
The highest CO 2 content was demonstrated by HMC#2 and 3, possibly contributing to the occurrence of the exothermic peak discussed in ''Simultaneous thermogravimetric analysis and differential thermal analysis'' section. Considering that the theoretical CO 2 content of dypingite and hydromagnesite is 36.3 and 37.6 %, respectively, those of HMCs #4 and 6 obtained by thermal analysis are very close to that of hydromagnesite, whereas HMCs #1, 5, and 7 contained a similar CO 2 content to dypingite. The rest of the HMCs could not be clearly grouped under each one of the two categories since their CO 2 contents varied to an extent.
Conclusions
The investigation into the microstructure and thermal decomposition characteristics of seven different commercially produced HMCs provided an insight into their chemical composition and thermal decomposition patterns involving the dehydration, dehydroxylation, and decarbonation steps. The distinction between heavy and light HMCs were outlined with respect to the results obtained from TG/DTA, SEM, XRD, and HCl acid analyses. The possibility of varying decomposition patterns and chemical compositions were explored in detail, with a discussion on the reasoning behind the occurrence of the exothermic peak. Some of the key findings of this study can be listed as: 4 . The exothermic peak at *520°C was only apparent after the thermal decomposition of heavy HMCs, while it did not occur for the light HMCs. This was linked with the higher CO 2 contents of the former, along with the relatively delayed start of the decarbonation process, both placing a strain on the crystal lattice.
Further work aimed at studying the effects of the heating rate, sample size, and atmospheric conditions on the decomposition of these carbonates can be performed to provide a more comprehensive understanding of the decomposition process. Additional analytical techniques such as FTIR spectroscopy can be utilized with TG/DTA to identify and eliminate any uncertainty over the unfamiliar phases observed during thermal analysis, and understand the microstructural and structural changes that take place during the formation and transformation of each compound within the MgO-CO 2 -H 2 O system to the fullest extent.
